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Abstract
We investigate the electronic state of a CoO2 plane in the layered cobalt oxides NaxCoO2 using the 11 band d-p
model on a two-dimensional triangular lattice, where the tight-binding parameters are determined so as to fit the
LDA band structure. Effects of the Coulomb interaction at a Co site: the intra- and inter-orbital direct terms U and
U
′, the exchange coupling J and the pair-transfer J ′, are treated within the Hartree-Fock approximation. We also
consider the effect of the Na order at x = 0.5, where Na ions form one-dimensional chains, by taking into account of
an effective one-dimensional potential ∆εd. It is found that the one-dimensional Na order enhances the Fermi surface
nesting and antiferromagnetism is caused which is suppressed due to the frustration effect in the case without the Na
order. Furthermore, we consider the effect of the Coulomb interaction between the nearest-neighbor Co sites V and
find that a coexistence of the magnetic, charge and orbital ordered state takes place for V > Vc where the system
becomes insulator.
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1. Introduction
The discovery of Superconductivity in the layered
cobalt oxide NaxCO2·yH2O [1] has stimulated fur-
ther interest in the electronic states of the mother
compound NaxCoO2. The specific features of the
system are the geometrical fluctuation of the CoO2
plane which consists of a triangular lattice of Co
atoms, and the orbital degeneracy of t2g bands of Co
3d electrons. The electron filling in the CoO2 plane
is controlled by changing the Na content x: the hole
concentration of Co t2g bands is given by nhole =
1− x.
For x ≤ 0.6, NaxCoO2 is a normal paramagnetic
metal, while, for 0.6 ≤ x ≤ 0.75, an anomalous be-
havior is observed: the magnetic susceptibility χ is
Curie-Weiss like although the resistivity is metallic
[2], the electronic specific heat coefficient γ is large
and increases with x [3], the thermopower is unusu-
ally large [4]. For x ≥ 0.75, a weak magnetic order is
observed below 20K [5], where the ferromagnetic or-
deredCoO2 layers couple antiferromagneticallywith
each other [6].
Furthermore, Na0.5CoO2 exhibits a remarkable
successive phase transition at Tc1 ∼ 87 K and Tc2 ∼
53 K [2,3]: the in-plane antiferromagnetic order is
realized below Tc1 and the system becomes insu-
lator below Tc2. From the NMR and the Neutron
measurements, Yokoi et. al. [3] have proposed the
magnetic structure of Na0.5CoO2, where chains of
Co3.5+δ with larger staggered moment and Co3.5−δ
with smaller moment exist alternatively within the
CoO2 plane. The charge ordering of the Co sites
into chains of Co3.5+δ and Co3.5−δ is closely related
to the ordered pattern of Na ions which form one-
dimensional chains below room temperature [7]. In
spite of the intense effort devoted in the last few
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years, the origin of metal-insulator transition at Tc2
is still an open question.
The purpose of this paper is to investigate the
electronic state of the CoO2 plane including the suc-
cessive phase transition of Na0.5CoO2, particularly
focused on the effect of the one-dimensional Na or-
der on the antiferromagnetism. For this purpose, we
take into account of an effective one-dimensional po-
tential on the CoO2 plane due to the effect of the
Na order.
The contents of this paper are as follows; In Sec.
2, we describe the model Hamiltonian for the CoO2
plane. In Sec. 3, results of the calculation are pre-
sented. Finally, we summarize the results of the
present work in Sec. 4.
2. Model
To investigate the electronic states of the CoO2
plane in the layered cobalt oxides NaxCoO2, we
employ the two dimensional triangular lattice d-
p model which includes 11 orbitals: dxy, dyz, dzx,
dx2−y2 , d3z2−r2 of Co and p1x, p1y, p1z (p2x, p2y,
p2z) of O in the upper (lower) side of a Co plane.
The Hamiltonian is given by;
H =Hp +Hdp +Hd +HU +HV , (1)
Hp = εp
∑
k,j,l,σ
p
†
k,j,l,σpk,j,l,σ
+
∑
k,j,j′,l,l′,σ
t
pp
k,j,j′,l,l′p
†
k,j,l,σpk,j′,l′,σ , (2)
Hdp =
∑
k,j,l,m
(tpd
k,j,l,mp
†
k,j,l,σdk,m,σ + h.c.) , (3)
Hd =
∑
n,m,σ
εd
n,md
†
n,m,σdn,m,σ
+
∑
k,m,m′,σ
tddk,m,m′d
†
k,m,σdk,m′,σ (4)
HU =U
∑
n,m
d
†
n,m,↑dn,m,↑d
†
n,m,↓dn,m,↓
+U ′
∑
n,m 6=m′
d
†
n,m,↑dn,m,↑d
†
n,m′,↓dn,m′,↓
+(U ′ − J)
∑
n,m>m′,σ
d†
n,m,σdn,m,σd
†
n,m′,σdn,m′,σ
+J
∑
n,m 6=m′
d
†
n,m,↑dn,m′,↑d
†
n,m′,↓dn,m,↓
+J ′
∑
n,m 6=m′
d
†
n,m,↑dn,m′,↑d
†
n,m,↓dn,m′,↓ , (5)
HV = V
∑
〈n,n′〉,m,m′,σ,σ′
d†n,m,σdn,m,σd
†
n′,m′,σ′dn′,m′,σ′ , (6)
where d†
k,m,σ (d
†
n,m,σ) is a creation operator for a
cobalt 3d electron with wave vector k (site n =
(nx, ny)), orbitalm (xy, yz, zx, x
2−y2, 3z2−r2) and
spin σ, and p†
k,j,l,σ is a creation operator for a oxygen
2p electron with wave vector k, site j(= 1, 2), orbital
l (x, y, z) and spin σ, respectively. In Eqs. (2), (3)
and (4), the transfer integrals tpp
k,j,j′,l,l′ , t
pd
k,j,l,m and
tdd
k,m,m′ , which are written by the Slater-Koster pa-
rameters, together with the atomic energies εp and
εdm are determined so as to fit the tight-binding en-
ergy bands to the LDA bands for Na0.5CoO2 [9],
and to be suitable for the result of ARPES [10] pa-
rameters are slightly adjusted. In Eq. (6), the sum
run over the nearest neighbor pairs 〈n,n′〉 over all
lattice sites.
In the Hamiltonian Eq. (1), we consider the effects
of the intra-atomic Coulomb interaction at a Co site:
the intra- and inter-orbital direct terms U and U ′,
the exchange coupling J and the pair-transfer J ′
[8], and effects of the Inter-atomic Coulomb interac-
tion between the nearest neighbor Co sites V . Here
and hereafter, we assume the rotational invariance
yielding the relations: U ′ = U − 2J and J = J ′.
The effect of the one-dimensional Na order, in which
Na ions form one-dimensional chains at x = 0.5, is
considered by taking into account an effective one-
dimensional potential on the CoO2 plane:
εd
n,m =


εdm −∆εd
for odd ny
(on the Na ordered line)
εdm +∆εd
for even ny
(out of the Na ordered line),
(7)
with the effective potential ∆εd due to the Na or-
der. Because a part of the effect of the inter-atomic
Coulomb interaction V enhances∆εd, V is corrected
so as not to influence ∆εd. Hereafter, in order to
consider the both Na order and the antiferromag-
netic order, we use an extended unit cell including
four Co atoms and eight O atoms, together with the
magnetic Brillouin zone which is 1
4
of the original
Brillouin zone.
3. Result
Now we discuss possible ordered states including
magnetic, charge and orbital ordered states in the
2
case of x = 0.5 within the Hartree-Fock approxima-
tion [8]. In this study, we assume that the order pa-
rameters are diagonal with respect to the orbital m
and the spin σ.
Figure 1(a) shows a possible order pattern of the
antiferromagnetic state. Chains of Co 3.5+δ and
Co 3.5-δ exist alternatingly within the CoO2 plane
because of the one-dimensional Na order [7]. Fig-
ure 1(b) shows an order pattern of the coexistence
state of antiferromagnetic, charge and orbital or-
der, where the Co sites out of the Na ordered line
with the valency of 3.5+δ have the antiferromag-
netic moment [3], while, the Co sites on the Na or-
dered line with the valency of 3.5-δ show the charge
order which is accompanied by the orbital order out
of the Na ordered line. The coexistence state of the
antiferromagnetic and charge order without the or-
bital order has not been obtained in the present cal-
culation.
Na ordered line
(a)
Co3.5− δ
Co3.5+ δ
Na ordered line
dyz dzx
Charge +
Charge −
(b)
Fig. 1. Order patterns. The left panel is the antiferromag-
netic ordered state (a), and the right panel is the coexistence
state between the antiferromagnetic, charge and orbital or-
dered state (b).
Figure 2(a) shows the sublattice magnetization
m, charge order n−〈n〉, orbital order nyz−nzx and
the density of states at Fermi level ρF as functions
of U with V = 0 eV, temperature T = 20 K and the
effective potential ∆εd = 0.5 eV. The phase tran-
sition of antiferromagnetic ordered state occurs at
Uc ∼ 1.8 eV. With increasing U , sublattice mag-
netization m increases, while, the density of states
ρF is almost constant. Due to the effect of the one-
dimensional potential, the band structure becomes
quasi one-dimensional and the Fermi surface nest-
ing is enhanced as shown in Fig. 3. Then, the anti-
ferromagnetic ordered state appears in the presence
of the Na order [11].
Figure 2(b) shows m, n − 〈n〉, nyz − nzx and ρF
as functions of V with U = 2.5 eV, J = 0.25 eV,
T = 20 K and ∆εd = 0.5 eV. The phase transition
from the metallic antiferromagnetic ordered state to
the insulating coexistence state is obtained at Vc ∼
1.5 eV. At Vc, the charge order at Co sites on the
Na ordered line is caused by the effect of V , and the
anisotropy between dyz and dzx at Co sites out of
the Na ordered line is caused by the charge order as
shown in Fig. 1.
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Fig. 2. Order parameters. Sublattice magnetization m,
charge order n − 〈n〉, orbital order nyz − nzx and the den-
sity of states ρF are shown as functions of the intra-atomic
Coulomb interaction U (a) and inter-atomic Coulomb inter-
action V (b).
In Fig. 3, the Fermi surface and the renormalized
band structure of the normal state are shown at U =
J = V = 0, T = 20 K and ∆εd = 0.5 eV. The effect
of the one-dimensional potential ∆εd due to the Na
order enhances the Fermi surface nesting.
In Fig. 4, we plot the Fermi surface and the renor-
malized band structure in the antiferromagnetic or-
dered state at U = 2.5 eV, J = 0.25 eV, V = 0 eV,
T = 20 K and ∆εd = 0.5 eV. This state is metal-
lic because the electron like Fermi surfaces around
K (K’, K”) points and the hole like Fermi surfaces
around M’ point yield a large value of the density of
states ρF.
The Fermi surface and the renormalized band
structure of the coexistence state are shown in Fig.
5. This state is insulating because the renormalized
band has a finite energy gap.
4. Summary and Discussion
We investigated the electronic state in the CoO2
plane of the layered cobalt oxides Na0.5CoO2 by us-
ing the 11 band d-p model on the two-dimensional
triangular lattice within the Hartree-Fock approx-
imation. We obtained two ordered states: (1) The
metallic antiferromagnetic ordered state forU > Uc.
(2) The insulating coexistence state between antifer-
romagnetic, charge and orbital ordered state forU >
Uc and V > Vc. It is found that the one-dimensional
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Fig. 3. Fermi surfaces (a) and band structure (b) in the mag-
netic Brillouin zone for the normal state at U = J = V = 0
eV, T = 20 K and ∆εd = 0.5 eV.
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Fig. 4. Fermi surfaces (a) and band structure (b) for the
metallic antiferromagnetic state at U = 2.5 eV, J = 0.25 eV,
V = 0 eV, T = 20 K and ∆εd = 0.5 eV.
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Fig. 5. Fermi surfaces (a) and band structure (b) for the
insulating coexistence state with finite energy-gap at U = 2.5
eV, J = 0.25 eV, V = 1.60 eV, T = 20 K and ∆εd = 0.5 eV.
Na order enhances the Fermi surface nesting around
M and M” points resulting in the antiferromagnetic
order which is suppressed due to the frustration ef-
fect in the case without the Na order.
In the present work, the antiferromagnetism and
the orbital order according to the charge order due
to the effect of V are strengthened each other, and
the coexistence state is obtained. However, there is
a possibility that the coexistence state is obtained
only due to the effect of U without V , where the co-
operation between the antiferromagnetic order and
the orbital order is a crucial role. Explicit results
for such state and detailed comparisons with exper-
imental results will be reported in a subsequent pa-
per.
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